The effects of the Ca2+-mobilizing hormones noradrenaline, vasopressin and angiotensin on the unidirectional influx of Ca2+ were investigated in isolated rat liver cells by measuring the initial rate of 45Ca2+ uptake. The three hormones increased Ca2+ influx, with EC50 values (concentrations giving half-maximal effect) of 0.15pM, 0.44nM and 0.8nM for noradrenaline, vasopressin and angiotensin respectively. The actions of noradrenaline and angiotensin were evident within seconds after their addition to the cells, whereas the increase in Ca2+ influx initiated by vasopressin was slightly delayed (by 5-15 s). The activation of Ca2+ influx was maintained as long as the receptor was occupied by the hormone. The measurement of the resting and hormone-stimulated Ca2+ influxes at different external Ca2+ concentrations revealed Michaelis-Menten-type kinetics compatible with a saturable channel model. Noradrenaline, vasopressin and angiotensin increased both Km and Vmax. of Ca2+ influx. It is proposed that the hormones increase the rate of translocation of Ca2+ through a common pool of Ca2+ channels without changing the number of available channels or their affinity for Ca2+.
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The transmembrane electrochemical gradient for Ca2+ is very large in rat liver cells, as for other tissues (Thomas, 1982) . Recent detection of cytoplasmic Ca2+ by the null-point method (Murphy et al., 1980) or by the fluorescent Ca2+ indicator quin 2 (Charest et al., 1983; Berthon et al., 1984) indicates that [Ca2+] , (intracellular [Ca2+] ) is about 100-200nM. For a negative membrane potential (Claret & Mazet, 1972; Haylett & Jenkinson, 1972) and at millimolar concentration of external Ca2+, the passive Ca2+ influx is necessarily much larger than the passive Ca2+ efflux. In the liver, the resulting net influx is balanced by the ATPdependent Ca2+ pump (Claret-Berthon et al., 1977; Lotersztajn et al., 1981; Iwasa et al., 1982) . Very few results have been reported on the properties of Ca2+ influx in the mammalian liver (ClaretBerthon et al., 1977; Barritt et al., 1981; Studer & Borle, 1983) although, given the transmembrane Ca2+ gradient, it should be involved in the control of [Ca2+] i. The Ca2+-mobilizing hormones nor- adrenaline, vasopressin and angiotensin cause a rapid and sustained increase in cytosolic Ca21 (Murphy et al., 1980; Charest et al., 1983; Berthon et al., 1984) . We have observed (Berthon et al., 1984) (Assimacopoulos-Jeannet et al., 1977; Keppens et al., 1977; Barritt et al., 1981 ).
The effect is evident within seconds after the addition of the agonists, is sustained as long as the agonist is bound to its receptor and is rapidly reversed by the antagonists. (Burgess et al., 1981) . Unless otherwise indicated, the cells were incubated at 37°C in Eagle's medium containing (mM): NaCl, 116; KCI, 5.4; CaCl2, 1.8; MgSO4, 0.81; NaH2PO4, '0.96; NaHCO3, 25; and Bartfai (1979) . The 45Ca2+ uptake was determined by taking l00p1 samples at 15, 45, 75 and lO5s. Each was immediately diluted in 4ml of an ice-cold 'washing solution' containing (mM): NaCI, 144; CaCl2, 5; Tris/HCl (pH7.4), 5. The mixture was then filtered through a Whatman GF/C glass filter and washed with 3 x 4ml of the ice-cold 'washing solution'. Care was taken that the filter did not get into contact with air before the termination of the washing procedure. In these conditions, the cellular K+ content determined by flame spectrophotometry was 250-260nmol/mg dry wt., which is 90% of the K+ content determined in cells from the same suspension washed by centrifugation at 12000g for 30s. This indicates that the filtration procedure did not alter the ionic permeabilities of rat hepatocytes. The radioactivity associated to the filter was then counted in a scintillation spectrometer after addition of the appropriate scintillation liquid.
Analysis of the results
The unidirectional influx of Ca2+ was determined from the initial rate of 45Ca2+ uptake by the cells. The sampling period (0-105 s) was short enough as compared with the time constant (10-20min) of 45Ca2+ exchange in rat liver (ClaretBerthon et al., 1977; Studer & Borle, 1983) to minimize the underestimation of Ca2+ influx. It may be estimated from the correction factor (t/r)/[1 -exp (-t/r)], where T is the time constant of Ca2+ exchange and t the loading time (Keynes, 1954) , that after 105s the measured influx was underestimated by 6-8%. This is reasonably in the range of the experimental error associated with flux measurements. This was experimentally confirmed by the observation of linear 45Ca2+ uptakes over 105 s periods as estimated by linear-regression analysis (see Fig. 1 The uptake of 45Ca2+ was measured 15, 45, 75 and 105s after the addition of trace amounts of 45Ca2+ to the cells incubated in the presence of 1.8mM-CaCl2 (Fig. 1) . The basal Ca2+ influx as calculated from the slope of the regression lines was 339 + 15 pmol/min per mg cell dry wt. (n = 18).
Maximal concentrations of noradrenaline (1 LM), vasopressin (l0nM) and angiotensin (lOnM) added at the same time as 45Ca2+ increased the influx by 35, 160 and 150% respectively (see Fig. 1 and Table 1 ). Table 1 shows the effect of the antagonists on the (Chen et al., 1978; Murphy et al., 1980; Blackmore et al., 1982) Fig. 1 shows that the action of vasopressin cannot be detected at this time. If vasopressin was added 30s before 45Ca2 , the delay in the hormone action was no longer apparent. However, in any case the duration of the lag phase cannot be precisely determined, since the Ca2+ influx was not measured between 0 and 15s. Fig. 2 shows the time course of the effects of maximal concentrations of noradrenaline and vasopressin added at the same time as, or 2, 4 and 6min before, 45Ca2+. The stimulated influx was maintained as long as the cells were in the presence Vol. 221 of each hormone. Fig. 2 also shows that the aadrenergic antagonist phentolamine used at a concentration (1OgM) sufficient to abolish the reassociation of noradrenaline to its receptor rapidly reversed the stimulation. This effect was evident as early as 15s and was complete within 2min. The Ca2+ influx measured in control cells or in the presence of vasopressin was not significantly altered by lOpM-phentolamine. These results indicate that stimulated Ca2+ influx is directly dependent on the activation of membrane receptors by the hormones. Dose-response curves for the hormone-stimulated Ca2+ influx Fig. 3 shows dose-responses curves for noradrenaline (in the presence of 5 gM-propranolol), vasopressin and angiotensin. The respective concentrations giving half-maximal responses were 0.15gM, 0.44nM and 0.80nM, which are in close agreement with those obtained for Ca2+-dependent phosphorylase activation (El-Refai et al., 1979; Cantau et al., 1980; Keppens et al., 1982) .
Ca2+ -dependency of the Ca2+ influx
The dependency of Ca2+ influx on external Ca2+ concentration was investigated in the range 75 /M-4.8mM. The cells were first preincubated in Eagle's medium containing 150gM-Ca2+ for 30-60 min. In preliminary experiments it was checked that the preincubation period did not alter Ca21 influx subsequently determined at another Ca2+ concentration. Table 2 shows that identical resting and vasopressin-stimulated Ca2+ influxes were measured at 1.8mM-Ca2+ for a 12-fold change in the Ca2+ concentration of the preincubation medium. Fig. 4(a) shows that Ca2+ influxes determined in both control cells and hormone-treated cells were non-linearly related to external Ca2+ concentration. The hormones noradrenaline (1 gM), vasopressin (1 OnM) and angiotensin (1 OnM) stimulated Ca2+ influx at external Ca2+ concentrations higher than 150gM. The activated Ca2+ influx increased up to about 2mM-Ca2+ with noradrenaline and was not saturated at 4.8 mM-Ca2+ with the peptide hor- Fig. 4(a) mones. The data of Fig. 4(a) can be linearized by Hofstee plots (Fig. 4b) . This indicates that Ca2+ influx in resting isolated liver cells or after stimulation by the hormones followed Michaelis-Menten kinetics. 
Discussion
In the present work we have studied the kinetic properties of the unidirectional Ca2+ influx in isolated rat hepatocytes by determining the 45Ca2+ uptake within 105 s after the addition of the tracer. This period is short enough as compared with the time constant of exchangeable cell Ca2+ (10-20min) (Claret-Berthon et al., 1977; Studer & Borle, 1983 ) to prevent significant labelling of intracellular Ca2 . Under these conditions, the influx of Ca2+ is not altered by a possible redistribution of exchangeable cell Ca2+ promoted by the hormones (Chen et al., 1978; Blackmore et al., 1978; Burgess et al., 1981) . Ca2+ influx is then only dependent on extracellular Ca2+ and on the permeability of cell membrane (Claret-Berthon et al., 1977; Borle, 1981) . Since [Ca2 + ]1 was experimentally fixed, any change in the initial rate of 45Ca2+ uptake initiated by the Ca2+-mobilizing hormones directly reflected the modifications of the translocation rate of Ca2+ through the plasma membrane, In agreement, linear 45Ca2+ uptake was observed over 15-105s in the hormone-treated or in the control cells.
The hormones that increased cytosolic Ca2+ (Murphy et al., 1980; Charest et al., 1983; Berthon et al., 1984) also stimulated Ca2+ influx, as previously reported by others (Keppens et al., 1977; Assimacopoulos-Jeannet et al., 1977; Barritt et al., 1981 (Charest et al., 1983; Berthon et al., 1984) . (Cantau et al., 1980; Keppens et al., 1982) . (see Williamson et al., 1981; Exton, 1981) . Hofstee plots of the data of Fig. 4 (a) fit straight lines (Fig. 4b) . This indicates that the influx of Ca2+ follows Michaelis-Menten kinetics. We can thus rule out a process of simple passive diffusion of Ca2+ through the plasma membrane. Saturable processes have also been found for the Ca2+ entry in both excitable cells (Hagiwara & Byerly, 1981; Kostyuk, 1982) and non-excitable cells, e.g. kidney cells (Borle, 1970) or pancreatic cells (Kondo & Schulz, 1976) . In contrast, non-saturable Ca2+ influx has been reported in isolated liver cells (Parker et al., 1983) . However, those authors analysed the Ca2+ influx by curve peeling of 45Ca2+ uptake, whereas this method cannot be used at non-steady state (see Claret-Berthon et al., 1977; Borle, 1981) .
Noradrenaline, angiotensin and vasopressin increased both Vmax and Km of Ca2+ influx, as determined by Hofstee plots. It is noteworthy that the increases in Km and Vmax. initiated by the hormones were directly correlated. In other words, the order of efficiency of the hormones in increasing Km was the same as the order of efficiency in increasing Vmax., i.e. angiotensin > vasopressin> noradrenaline (Table 3 ). This observation, together with the suggestion that the hormone apparently used a common pool of Ca2+ channels or carriers, may be explained by the model previously proposed for the effects of parathyrin in kidney cells (Borle, 1970) or the effect of pancreozymin or carbamoylcholine in pancreatic cells (Kondo & Schulz, 1976 
